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ABSTRACT

W conceptualsystemsare analyzed for repetitive interruptionof

current franan inductiveenergystoragesource.l(heinterruptionlevel

for troth systems is 25kA at 25kV. Ebctors such as interruption

frequency,power dissipation,reliability,maintenance,developmental

cL-, andcostarecorfpared,

The vacwn interruptersystem is ccmidered feasiblefor an

interruptionfrequency of 25 Hz and a 10-200 duty cycle. Five

millisecondoutputpulsesdeliver78 MW to a oneohm loadwitha voltage

rise time of less thanonemicrosecond,Mr&are costsarelessthan

$100,0Oqfor thesystem,and developmenttime is one year.

T!!ISScRaystemis conside~edfeasibleforan interruptionfrequency

of up to 10 HJz. A series sparkgapconnectedto theloadlimitsthe

othertiiaecontinuousduty factor. Fifteenmicrosecondoutput pulses

deliver94 MW to a oneoh lost’witha voltage-isetimeof lessthanone

microsecond,}&r&are costs for the syste~ exce~ $1,000,000and

developmenttires is2 to 3 years.

INIWD~I~

Interruptionof direct current from an inductivestorecanbe

acconpliahedby either of twomthoda, Chemethodinvolvescreatingan

arc voltagewhichisgreaterthantheprcxluctof the currentand the load

irrpedence.~ses, explosiveinterrupters,and xmventionaldc circuit

*
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breakers-rate on thisprinciple.Thesecondmthod involvescreating

an artificialcurrentzero~ injectingan equal bt oppositecurrent

throqh the interrupter.‘Khisprocessis knwn as Confutationandis

usedin thetwoconceptualsystem &scriW here.

Ebthof thesystem utilizea similar interruptioncircuit,the

prhary differencebeingtheinterrupters.In onecasethisinterrupter

is a eeries-pcrallelarrayof 1260fastswitchingSCRS,and in the other

case the interrupteris a seriesarrayof the,sever+inchvacuurlinter-

rupters.Fbrsakeof comparison,bothinterruptersaredesignedfor use

at 25 kA and25 W, althougheithersystemcouldb designedforhigher

or lower currentsor voltages. ‘Ibispaper will examinep3tential

differencesin operatingfrequency,cost,reliability,lifetime,pwer

dissipation,anddevelopmenttime.

1. Sackqround

TheLos AlamosNationalLaboratoryhasbeen involvedin switchgear

developmentfor fusionexperimentssince1974.[1) At thattime one i~

te:rupter

current,

inductive

testfacilityratedat 10 kA continuouscurrent,25 kA pulsed

and60kV recoveryvoltagewasconstructedto testswitc?esfor

energystoragesystem. Resentlythree test facilitiesare

operative,the largest rated at 100kA steady-statecurrent,280kA

pulsd current,and120kV recovery voltage. [2]

In additionto basicresearch,LosAlanmshasben activelyinvolves

in switch testingand devnlopnentforthenationalfusionconmnityo

During1978,a systemwasdevelopedusingWestinghouseinterruptersfor

use in the Tbkmak Fusion Test *actor at Princ~ton.[3] Over 1000

consecutiveinterruptionswereperformed at 25 kAand 25 kV. A Bystem

designedby ~shibn was also tested over 1000 time forthesame

application.[3j An WperimentalGeneralElectric!interrupterwas te8@d

up to 112kA uGinga LasAlma designedandconstructedactuator.In

1979,a 25 kA nteady-stateinterruptingsystemwusdesignedby ms Alamos

and Oak Ridgeforuse in tl~eLarge bil Project.[4] ~ia oystemis ncu

beingtwted andwillh usedto interruptcurrentin sixsuperconducting

magnets which store a~ nmh aa 20fdMJ●ach. A 50kA mtea~-state

LnteruuptingsystemispresentlybeingClesigwlforirlterruptingcurrent
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In a superconductingmagneticenergy systm atLosAlamosforthe~hmak

WloidalFieldSystemprogram.

2. ~13icInterruptingCircuitIJsinqCommutation

A schemticof a repetitiveinterruptingcircuitusing ccwmutation

is sh(xn in Fig.1. me circuitbreakerrepresentsan arrayof either

S(R or vacuuninterruptersand thehad willbe cmsideredto he a one

ohm resistor.The followinginitialconditionsareassuned.

1. !Ihecircuit breakerandbypassswitchareclosedandthepawer

supplyhaschargedthestorageinductorto25 kA.

2. ‘Ihecommutationcapacicori3 prechargedto 25kV with the

polarityshcmnl.

3. theenergystoredin the inductouisnuchgreaterthantheenergy

deliveredto theload.

~ beginthesequence,thebypassswitchopenstransferringall *

current into the closed circuitbreaker.If thecircuitbreakerisa

vacuuninterrupter,itscontactcthenopen. ThecommutationSCl@labeled

“A”arencnvtriggered.Thisdischargestheccurnutaticncapacitorthrough

the circuitbreakerina directiono~site to the jnductorcurrent.

When a netcurrentzeroiscreat~ in thecircuitbreaker,interr~~ption

occurs.‘he inductorcurrentnw flows throughthe still conducting

TRIGGERED
INDUCTIVESTORF SPARK GAP

+ 0,C
?OWER LOAD
SUPPLY ~ Z.lQ

Fig.1. R3~titiveswitchingcircuit.
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conmutation SCR3, “A”,andbeginsto rechargetheconmtationcapacitor

in theqpmite direction.Whenthiscapacitorvoltagereachesslightly

over25 kV, thetriggeredsparkgapcloses,‘lhisproducesa highrateof

voltageriseon theload. The fullitiuctorcurrentncwflcnm into the

load creatinga ms~inum voltageof 25kV. &cause thecommutation

capacitorwas chargedto slightlyover25 kV, a reversevoltage appears

across the commutationSCR3,andallowsthemto recover.‘Ib*in anew

cycle, the circuitbreaker recloses,and the triggereds~rk gap

recovers. The sequenceia ncm repeatedexceptthatccmmtaticmSW,
l!rlB, a:e used this timedue to the reversecharge on tie conurutation

capacitor. QI the thirdsequence,~, “A”,willbe usedbecausethe

capacitorwillbe forwardchargedafterthesecotisequence.Thus,sue,

‘A”, are used on oddnmbsred interruptionsandSCRS,“B”,areusedon

evennunbsredinterruptions.

Theprinwrydifferencein theinterruptingcircuitwhenusingvacu.un

interruptersor SC% is themmrutaticnapacitor. &cause theSCRshave

a longerturn-offtimethanthevF.cuuninterrupters?a larger capacitor

is requiredto hold therecoveryvoltagenegativeaftercurrentzero.

The commutationSC* fortheSCR interruptercircuitnustalso& larger,

but this is a result of the higheroperatingfrequencyratherthan

differencesin thenatureof thecircuitLretikerused. These details

willbe examinedhelm.

3. ~eVacum Interrupteras F CircuitXeaker

Figure2 is a schematicof thevacuuninterrupterassemblyusedas a

circuitbreakerin the interruptingcircuitof rig.1. The breaker

consistsof twoWestinghouse%33552 commercialinterruptersconnected

in series.Theaxialfieldcoilsmaintaina diffuse dischar~eduring

arcing in the interelectrodegapand increasetheinterruptionratings

significantly.SimilarinterruptershavetmentestedatLos Names with

currents in exce8s of 4J kA and voltagesin excess of 30kV

simultaneouslyon a single interrupter.[5] Toshiba has developeda

vacuun interrupterwhich can interrupt100kA at 12 kV.[6] The useof

tm interru~tersin series providesc conservativedesign for high

reliabilityk% demmstrated on tm shilar system testedforuse in
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VOLTAGE
GRADING
NETWORK *“ VACUUM

INTERRUPTERS

b AXIAL FIELD
COIL

o
Fig.2. 25 kA 25 kV vacuuncircuitbreaker.

TmR<[3] Estimatedc~ntactlifetimefortheseinterruptersis 5600

10,000operationsat 25 kA.

The normal Gteady-statecurrent ratingfortheseinterrupters

to

is

2 kA. Los Alarm andWestinghousehavebeenjointlydevelopingan inter-

rupter w~thwater-cooledstem and contactsover .hepastseveralyears.

The firstprototypeconducted10 kA on a continuousbasjs. A gecond

prctot~ with an @row# electrod-stemdesignanda specialactuator

designedat msAlams is beingpreparedfortesting.It isdesignsdto

carry 25 kA orl a continuousbasisandwuld eliminatetheneedforthe

externalbypassswitci~shwn inFig.1. ~th options,hwever, will be

dtscLmsedinthissection,
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3.1 C@ratingFrWenW

Cbnmrcial actuatorsfor vacuun interruptsarenotdesignedto

operateat highrepetitionrates. ~ical mchani=l openm timesrange

fran 5 to l.Omsand reclosingtimesvaryfra40to 1000ms. A special

actuatorfor use at high fr~uencies would hve to be develop%

Figure3 detailsa conceptual25Hz actuatorwitha mtoz drivencamshaft

to operatethelinkageof a vacu~ interrupter IhbleI lists some

technicalinformationon designparametersforthisdevice.BesideGthe

ACUUM
NTER?:JPTER

SLACK CAGE

INSULATING
LINKAGE

mCAMSHAFT

ROCKER ARM

600LB.
C:~{~f:SION

?5Hz SCHEMATIQ

FLYWHEEL

CLUTCH
\

/’f
CAMStI/JFl

DRIVER

Fig.3. 25 lIZktuator.

TABLE:

25Hz ACTUATQRDETAILS

Cper6tirqfrequency,Hz

Qening time, m

Fk!closingt.ilne,me

Timeinclosed~sition,ins/cycle

khdd pow at 25 ~lzi~linterrupt~r

Motoropeecl,rp

25

5

5

30

0.86

1500
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inherentsynchronizationin thistypeof design, the array is easily

expandableto includemoreseriesor parallelinterrupters.

~ical waveformsshatiingthe circuitbreakercurrent~+--,the

conmutatinncapacitorvoltage,VCC,and thevoltageon a oneohn loadare

pictured in Fig.4. ‘he bad voltagedurationcouldbe extendedto as

lon~as 35ms by camshaftdenignor shorter~to as littleas 2 to 3 ms

by increasingthe for= of thereturnspring.Ttansientcurrentand

voltagestresseson theinterrupterduringthissquencearediscussedin

Section3.3.

25 +

z
so “ I I 1 I I I

I -

10 20 30 40 50 60 70
z

t(m)

+25

-25
t--

1

7 r
-J-++__p__+L-- ~., (m~)

60 7010 2il 3(J io so

Fig. 4. Current.andvoltagewaveformsforvacuuninterruptersystem.
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3.2Rmer Dissipation

S1ightlyover3 kJ are generatedty thevacuun arc prior to each

interruptionresultingin a totalof 78kW powerconsumptionat 25 Hz.

Thisenergy nustbe removalfrm thedevice.Cbnmrcialinterruptersare

designed to dissipatean averag-epowerof only30 to 60w duringnormal

conductionat 2 kA. Iiwever,theirinherenttherml mass is sufficient

to absorb the-r generatedby 25 Hz interruptionforabout2 s. me

interrupternustbe allowedto coolfor30 to 60 min &fore the sq!ence

could h repeated. The latestwatercooledinterrupterisdesignedto

rermvea maximm of abut 20 kW heat loadingfromthe contactregion. It

would only have to coolfor10 to 20 s btwen interruptions~uences.

Either the water-cooledinterruptersystemor theconbineobypass switch

and brcial interruptersystemgeneratelessthanlGJkw dissipation

duringconductionin theclosedstate.

The triggeredsparkgapenvisionedforthe25 Hz systemisa General

Electric ro+array vacuun s~rk gap. lhese gaps have been very

successfulin labratorytesting[7]and have an extremelylow voltage

drop during conduction. me estirmtedlifetimeat 25 Hz and25kA is

over105o~rations. The 25 Hz powerdissipationof the spark gap is

also about 80 kW and limits its mntinuodsoperation.?he inherent

thermalmasswouldallowabut 5 to 10 s of continuousduty before

cooling beccmleane.vssaLy. A water-cool~sparkgap fora higherduty

factorwouldbe reconmmdedif usedinconjunctionwith a water-coolea

interrupter.

Ihe SCR camutation switchesusedin the25 Hz vacwn interrupter

system dissipatea negligibleamunt ot energy. Thus, the total

diatai~tionof thesystemat a 25Hz interruptionrateis0.16Mh. The

pcwer deliveredto theloadduring this same sequenceis78Mh.

3.3 InterrupterStresses

The electricalstresseson the individualvamun interruptersare

conservativeenoqh to insure a reliabilityof greaterthan99$. In

p@#ersystem,theseinterr@ers face~ak voltagesof 22kV with a rate

of rhe of recovery voltage(RRRV)inexcessof 25 kV/ps. Xn the25 tlz

sys~ thepeakinterruptervoltageis12.5kv with an RRRV ot only

700v/@l. me to these urn :uallylowvoltagestresses,a commutation
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canbe utilizedwhilestillmaintaininga highdegree of

4. ~e SCRas a CircuitWeaker

Figure5 is a ednamticof theSCRcircuitusedas a breakerin the

interrupting cirait of Fig.1. me breakerconsistsof 30 parallel

connectd arraysof 42 S~ in series.[8] Thiscircuithasa continuous

currentratingof 30 kA at a msxinun voltageof 50 kV. ‘he 16 kHz

switchingrate used in this analysisdissipatesmoreenergythana

steady~tatecurrentof 25 kA. As a result,the30 kA continuoussystem

must b deratd to 25 kA at 10 kHz. ~ak voltageratingsthatare a

42
UNITS
IN

SERIES

● ●

● 9 ●

● ● 0&
Eli1

VOLTAGE
GRADING
NETWORK

$COMMUTATION
‘BALANCING

~....

t

—O. .

- REACTOR

/)
30 PARALLEL PATHS

Fig.5. 25 kA 25kV SCRcirmdt breaker.
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*W normal operatingvoltagesare quite comnon in

system●

Frequency

me operatingfrequencyselectedforthisanalysiswaschosenas

halfthemaxinumoperatingfrequencyfortheparticularSCR used. me

SCR wasselectedon thebasisof highestcutrentandvoltageratingsfor

a 20 us turn-offdevice.The fastturrwfftimeisnecessarytominimize

thesizeandweightof the cmmtation capacitor.

~ical waveform showi~ the circuit breakercurrent,~B# the

commutationcapacitorvoltage~Vcc, and thevoltageon a oneolnnloadare

pictured in Fig.6. me

longas 35 us by decreasing

loadvoltageduratiorlcouldbe extended

theconductiontimeof theinterrupter

to as

array

25‘

o i I I I I 1 1 1 1 1 1 I I I I 1 Ir Y - t(p)
50 100 150 200

+25-

~
- 1 I - t(/is)
8w

tH+++ t(ps)
50 100 150

Fig. 6. CurrentandvoltagewaveformforSCR interruptersystem
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and shortenedindefinitelyby increasingthe conductiontime. Switching

stressesare discussedin Section4.3.

4.2 Fwer Dissipation

Accordingto publisheddata,[9]power consumptionof theSCR array

conducting35 @ wide pulsesat 10 kH< is 1.9MW. Steady+tate CO*

duction losses amount to 1.6MW. ~viously, a parallelbypassswitch

would be necessaryduring inductor charging or when no interruption

sequenceis required. Zhe commutationSCI& consuneeven more energythan

the primary interrupter. Approximately2.5MW are consuned ~ the

commutationSCF& at 10 kHz. If the sam sparkgap US* with the vacuun

interruptersystem is used with the SCR syst~ 3.94MW wuld be

dissipated. Thus, the totalpwer used by theSCR systemat 10 kHz is

5.4 MW. The paverdeliveredto the loadduringthe same time is 94MW.

Everythingin thissystemcouldlx run continuouslyexceptthe sparkgap.

AnotherSCRarraycouldbe substitutedforthes~rk gap for continuous

operation, but the 1 US voltagerisetimemuld requirea prohibitively

large nunk of SCF& if the publishedratingswere follcwed. lkansient

overratingtestscouldbe conductedto r~uce thesizeof thisarray.

4.3InterruptionStresses

‘Iheelectricalstresseson theSCR interrupterwere chosenwithin

the publishedratingsto insurea big,,degreeof system reliability. A

comparisonbetween the publishedmaxinum ratings[9]ar~ theactual

operatingstres3esis

m~IffJ4RAT~NG!?)

Peak voltage,V

Average current,A

Peak di/dt,Wvs

TurKff the, @

Peak dv/dt,V/Vs

shwn inTableII.

TABLE II

VERSUS0PERATIFX2STRESSILSFQR INDIVIDUALSC=

Maxinm Ratings CperatingStre6ses—
1200 600

1000 833

200 lf)kl

20 20

400 24

Maxinumfrequency,kHz 20 10
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~Je dv/dtstressesare unusuallylW due to the large parallel

commutationcapcitorrequired for the 20 us turwofftime.

5. system Cbraarisonand@nclusifins

In general, the S(3? interruptersystem is ~ble of high

frequencies,shortoutputpulses,andrmtinuousoperation.It is also

an expensivesystem andwouldrequire 2 to 3yr to developfully. The

vacuun interruptersystem is a low frequency,long output pulse,

intermittentduty systm It is comparativelyine~nsive andthe

technologyiswelldevelo~. The required&velopnenttimeis akut one

year. ~ble IIIconparesthetwosystemsInnuxe detail.

Ebth system appearto bE technicallyfeasiblewithpresentstate-

of-th+artdevices.Lighttriggeredthyristpxtechnologyis advancing

rapidlyand muld & especiallyusefulin thesesystems, especiallyif

TABLEIII

~ARI= BETWEENTHE WCLIW AND SCR INTERRU~ERSYSTEMS

RATEDAT 251cAAND 25kV

mcuun
Interrupter SCh

*eratin?frequency,Hz 25 10,Obh

Output~lse width,p6 3,000-35,00U 1-35

Maxun.zndutyfactor,0 10-20 10@

Comtation capacitor,UF 17.5 24.2

~wer dissipationduringinterruption,M 0.16 5.4

Power deliveredto load,M 78 94

Cost for interrupteralone,$(10)3 25 50E#

Costforccmutationrietwrk,$(10)a dSb sop

Reliability,s > 99 > 93

Nwnberof interrupticmbetw?cn
maintenance,(10)3 5-10 > 10IF

%mthuous dutys~rk gap/SCRin utilized.
bSCRcmt at $2@0 ●ach plus $200/SCRfor Oate circuitry gradi~
networks,andnmnthg assemblies.

CSCRarray is usedinsteadof spark gap.
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tur~ff timescould& reduced.*tuatordevelopmentforthevacmn in-

terrupter system is believedto be minimalat the25 Hz leveldescribed.
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